Cancer, initially recognized as a genetic disease, is now known to involve epigenetic abnormalities along with genetic alterations. It is becoming clear that microenvironment-mediated epigenetic perturbations play an important roles in the development of neoplasia (1) . Epigenetics refers to the study of heritable changes in gene expression that occur without a change in DNA sequence which are sufficiently powerful to regulate the dynamics of gene expression (2) . The key processes responsible for epigenetic regulation are DNA methylation, histone modifications and posttranscriptional gene regulation by noncoding RNA commonly referred as microRNAs (3) . These mechanisms are critical components in the normal development and growth of cells and their modifications contribute to neoplastic phenotypes (4) .
DNA methylation
In eukaryotes, methylation is characterized by epigenetic DNA modifications which play an important role in maintenance of genome integrity, genomic imprinting, transcriptional regulation, and developmental processes (5) . DNA methylation usually takes place at the 5 position of the cytosine ring within CpG dinucleotides, and its consequence is the silencing of genes and noncoding genomic regions. The modification at 5-methyl cytosine is catalyzed by enzyme DNA methyltransferases (DNMTs) (6) . There are three main DNMTs: DNMT1, which maintains the existing methylation patterns following DNA replication, and DNMT3A and DNMT3B, de novo enzymes that target unmethylated CpGs to initiate methylation and are highly expressed during embryogenesis and minimally expressed in adult tissues (7) . Another family member is DNMT-3L that lacks intrinsic methyltransferase activity; it interacts with DNMT3a and 3b to facilitate methylation of retrotransposons (8) . Both the establishment and maintenance of DNA methylation patterns are critical for development as mice deficient in DNMT3B or DNMT1 are embryonic lethal and DNMT3A-null mice die by 4 weeks of age (9) . In normal cells, DNA methylation occurs predominantly in repetitive genomic regions, including satellite DNA and parasitic elements such as long interspersed transposable elements (LINEs) and short interspersed transposable elements (SINEs), maintaining genomic integrity (10) . Methylated cytosines account for approximately 1% of total nucleotides and about 75% of all CpG dinucleotides in the human genome. The CpG dinucleotides are unevenly distributed across the human genome, but are concentrated in dense pockets called CpG islands (CGIs). About 50-60% of gene promoters lie within CpG islands, and it is estimated that the human genome contains approximately 29,000 CpG sequences (11) . CpG islands particularly those associated with promoters are generally unmethylated in normal cells, providing access to transcription factors and chromatinassociated proteins for the expression of most housekeeping genes and several other regulated genes although some of them (∼6%) become methylated in a tissue-specific manner during early development or in differentiated tissues (4, 12) . DNA methylation can inhibit gene expression directly, by inhibiting the binding of specific transcription factors, and indirectly, by recruiting methyl-CpG-binding domain (MBD) proteins. The associated MBD family members in turn recruit histone-modifying and chromatin-remodeling complexes to methylated sites (13) . To date, six methylCpG-binding proteins, including methylcytosine binding protein 2 (MECP2), MBD1, MBD2, MBD3, MBD4 and Kaiso, have been identified in mammals. MECP2 binds methylated DNA in vitro and in vivo. It contains a MBD at its amino terminus and a transcription repression domain (TRD) in the middle (13) . Furthermore, it has been shown that nucleosome remodeling complex (NuRD) can methylate DNA by interacting with DNA methylation binding protein MBD2, which directs the NuRD complex to methylate DNA (14, 15) . These and other recent findings have established that DNA cytosine methylation is a critical component of epigenetic gene regulation. A list of DNA methylation genes disrupted in various human cancers is shown in Table 1 .
Histone modification
Histone modifications influence chromatin structure which plays an important role in gene regulation and carcinogenesis (16) . Chromatin is a highly ordered structure consisting of repeats of nucleosomes connected by linker DNA. Each nucleosome encompasses ∼146 bp of DNA wrapped around an octamer of histone proteins. These octamers consist of two subunits of each of the following core histone proteins: H2A, H2B, H3 and H4 (17) . Chromatin consists of DNA, histones, and non-histone proteins condensed into nucleoprotein complexes and functions as the physiological template of all eukaryotic genetic information (18) . Histones are small basic proteins containing a globular domain and a flexible charged NH 2 terminus known as the histone tail, which protrudes from the nucleosome. Regulation of gene expression occurs through posttranslational modifications of the histone tails provided by covalent modifications including acetylation, methylation, phosphorylation, ubiquitination, sumoylation, proline isomerization, and ADP ribosylation (19) (20) (21) . Posttranslational modifications to histone tails govern the structural status of chromatin and the resulting transcriptional status of genes within a particular locus. These modifications are reversible and are controlled by a group of enzymes including histone acetyltransferases (HATs) and deacetylases (HDACs), methyltransferases (HMTs) and demethylases (HDMs), kinases, phosphatases, ubiquitin ligases and deubiquitinases, SUMO ligases and proteases which add and remove such modifications (20, 22) . Chromatin is divided into two distinct conformation states: heterochromatin, which is densely compacted and transcriptionally inert and euchromatin, which is decondensed and transcriptionally active (17, 23) . Euchromatin is characterized by high levels of acetylation and trimethylated H3K4, H3K36 and H3K79. On the other hand, heterochromatin is characterized by low levels of acetylation and high levels of H3K9, H3K27 and H4K20 methylation (12, 24, 25) . Studies have shown that histone modification levels are predictive for gene expression. Actively transcribed genes are characterized by high levels of H3K4me3, H3K27ac, H2BK5-azacytidine (H2BK5ac) and H4K20me1 in the promoter and H3K79me1 and H4K20me1 along the gene body (26) . Genome-wide studies have revealed that various combinations of histone modifications in a specific genomic region can lead to a more 'open' or 'closed' chromatin structure resulting in the activation or repression of gene expression (12, 24, 25) . A list of the histone-modifying genes altered during carcinogenesis is presented in Table 2 .
Noncoding RNAs
MicroRNAs (miRNAs) are small ncRNAs of ∼22 nucleotides and are involved in posttranslational gene silencing by controlling mRNA translation into proteins (27) . miRNAs induce heritable changes in gene expression without altering DNA sequence and thus contribute to the epigenetic landscape. In addition, miRNAs can both regulate and be regulated by other epigenetic mechanisms (28) . Although miRNA are vital to normal cell physiology their mis-expression has been linked to several diseases, including cancer (4). Cancer development and miRNA profiles are now being used to classify human cancers (23, 28, 27) . Approximately, 1000 miRNA genes have been computationally predicted in the human genome with each miRNA targeting multiple protein-coding transcripts. It has been predicted that miRNAs regulate the translation rate of more than 60% of protein-coding genes (7), and participate in the regulation of cellular processes. Like mRNAs, miRNAs are mainly transcribed by RNA polymerase-II although miRNA synthesis is known to occur by RNA polymerase-III in those miRNAs that reside near tRNA, Alu and mammalian-wide interspersed sequences (28) . The first identified miRNAs, the products of the Caenorhabditis elegans genes lin-4 and let-7, have important roles in controlling developmental timing and probably act by regulating mRNA translation. When lin-4 or let-7 is inactivated, specific epithelial cells undergo additional cell divisions instead of their normal differentiation (27) . A list of miRNAs dysregulated in cancer is presented in Table 3 .
Epigenetic modifications in cancer
In human cancers, aberrant epigenomics are known to contribute to various phases of neoplastic development including initiation, promotion, invasion, metastases and chemotherapy resistance. It has been proposed recently that more than 300 genes and gene products are epigenetically altered in various human cancers (4) . A link between DNA methylation and cancer was first shown in 1983, when it was shown that the genomes of cancer cells are hypomethylated relative to their normal counterparts (29) . In terms of DNA methylation, cancer cells show genome-wide hypomethylation and site-specific CpG island promoter hypermethylation (30, 31 (22, 30) . Hypomethylation in tumor cells is primarily caused by the loss of methylation from repetitive regions of the genome and the resulting genomic instability is a hallmark of tumor cells. In addition, imprinting patterns are often disturbed (32) . In cancers, hypomethylation is often associated with oncogenes. c-Myc, a transcription factor that acts as an oncogene, is one of the widely reported hypomethylated genes in cancers. Hypomethylation at specific promoters can activate the aberrant expression of oncogenes and induce loss of imprinting (LOI). The most common LOI event due to hypomethylation is insulin-like growth factor 2 (IGF2 ), which has been reported in a wide range of tumor types, including breast, liver, lung and colon cancer (33, 34) . S100P in pancreatic cancer, SNCG in breast and ovarian cancers and melanoma-associated gene (MAGE ) and dipeptidyl peptidase 6 (DPP6 ) in melanomas are well-studied examples of hypomethylated genes in cancer (12, 35) .
In addition to changes in DNA methylation, histone modification patterns are also altered in human tumors. Recent studies have shown that histone modification levels are predictive for gene expression. Actively transcribed genes are characterized by high levels of H3K4me3, H3K27ac, H2BK5ac and H4K20me1 in the promoter and H3K79me1 and H4K20me1 along the gene body (26) . Loss of acetylation is mediated by HDACs that have been found to be over-expressed or mutated in different tumor types. Aberrant expression of both HMTs and HDMs are observed in various cancer types (36) . A recent study has described inactivating mutations in the histone methyltransferase SETD2 and in the histone demethylase UTX and JARID1C in renal carcinomas (36, 37) . H3 acetylation and H3K9 dimethylation can discriminate between cancerous and nonmalignant prostate tissue and H3K4 trimethylation can predict occurrence of prostatespecific antigen serum level elevation after prostatectomy for cancer (28) . EZH2 (enhancer of zeste homolog 2) expression is an independent prognostic marker that is correlated with the aggressiveness of prostate, breast and endometrial cancers (38) . Because abnormal cell proliferation is a hallmark of human cancers, it seems possible that miRNA expression patterns might denote the malignant state. Indeed, altered expression of a few miRNAs has been found in some tumor types (39, 40) . The first association between miRNA and cancer development was described in chronic lymphocytic leukemia with chromosome 13q14 deletion. This deletion deregulates miRNA-15 and miRNA-16 (41) . Most of the targets of these two miRNAs are involved in cell growth and cell cycle. The let-7 is one of the most widely studied miRNA families in cancer. Alterations of let-7 function have been described in several human cancer types, including carcinomas of the head and neck region, lung, colon, rectum and ovary. It acts mainly as a tumor-suppressor miRNA (28) . miRNA-145 is a well-known tumor-suppressor miRNA downregulated in many human cancers owing to aberrant DNA methylation of its promoter and/or p53 mutations (42) . This miRNA is a pluripotency repressor which regulates silencing of OCT, SOX2 and KLF4 in human embryonic stem cells; these genes are required for cell self-renewal and pluripotency maintenance (43) . Interestingly, it is becoming apparent that the expression of epigenetic regulatory enzymes such as DNMT, HATs, and HMTs can be controlled by miRNAs (44) . In particular, the miRNA-29 family can directly regulate the expression of DNMTs such that downregulation of this family of miRNAs in small-cell lung cancer results in increased expression of DNMT3A and 3B causing a global genomic hypermethylation and specific methylationinduced silencing of tumor-suppressor genes such as FHIT and WWOX (45, 46) .
Influence of epigenetics on cancer genetics
It is evident that discrete genetic alterations in neoplastic cells alone cannot explain multistep carcinogenesis whereby tumor cells are able to express diverse phenotypes during the complex phases of tumor development and progression. In fact, cancer cells have an altered epigenome compared to the tissues from which they arise. Deregulated epigenetic mechanisms may initiate genetic instability, resulting in the acquisition of genetic mutations in tumor-suppressor genes and activating genetic mutations in oncogenes. Moreover, epigenetic disruptions in tumors are generally of a clonal nature, indicating occurrence in early generations of cells (47) . It is well known that 5-methylcytosine (m5C) residues are 'hot spots' for mutations, which can destabilize gene structure and function. One-third of germ-line point mutations leading to human genetic diseases occur at CpGs and most of these mutations are C→T transitions (48) . This is because m5C is highly mutable by deamination, resulting in transitional mutations (i.e. C→T) at CpGs. In view of the symmetry of these CpG motifs, the methylcytosine on the opposite strand may also be affected, leading to (G→A) changes. As a consequence, CpGs are hot spots for mutations, in a variety of genes. (48, 49) G→A transitions are found in 44.8% cases of leukemia and myelodysplasia, and in 60% of colon cancer cases. C→T and tandem CC-TT mutations are found in basal cell and squamous cell carcinomas (50) . Methylation increases the rate of hydrolytic deamination and also increases the reactivity of neighboring guanines to electrophiles (50, 51) . The oxidation of m5C may contribute to the high frequency of C→T transitions at CpG sequences. Oxygen radicals can react with m5C to oxidize the 5, 6-double bond; the intermediate product, m5C glycol, then deaminates to form thymine glycol (52, 53) . Oxidative stress can contribute to tumor development not only through genetic but also through epigenetic mechanisms. As noted earlier, the presence of hydroxyl radicals can cause a wide range of DNA lesions including base modifications, deletions, strand breakage and chromosomal rearrangements. Such DNA lesions have been shown to interfere with the ability of DNA to function as a substrate for the DNMTs, resulting in global hypomethylation (54) . The presence of 8-OHdG in CpG dinucleotide sequences has been shown to strongly inhibit methylation of adjacent cytosine residues (55, 56) . In addition, 8-OHdG may not be recognized by proof-reading enzymes and thus may persist as a mutation resulting in G→T transversions (57, 58) . These studies suggest that oxidative DNA damage can affect patterns of DNA methylation leading to aberrant gene expression and possibly contributing to the development of malignancy.
Hereditary cancer genes and cancer predisposition
Studies of familial cancer have identified a group of genes whose mutational inactivation results in predisposition to a characteristic spectrum of cancers. The tumor-suppressor gene, RB which is mutated in retinoblastoma, was the first hereditary cancer gene to be identified. Subsequently, other tumor-suppressor genes operating through a diverse range of mechanisms were identified in other familial cancers, e.g. adenomatosis polyposis coli (APC) mutations were identified in cases of familial adenomatous polyposis coli and p16
INK4a mutations were identified in cases of familial melanoma (59) . DNA repair genes such as the BRCA1, MLH1, and MSH2 are also often involved in predisposition to familial cancer (60, 61) . Specific allele sequence variants such as single nucleotide polymorphisms (SNPs) affect the probability of CpG islands methylation in the cis region. Cis-acting DNA mutations have been shown to cause constitutional epi-mutations early in cancer development (62) . One example of epigenetic silencing caused by sequence alterations in cis is the methylation of expanded CGG repeats within the FMR1 promoter in the fragile X mental retardation syndrome (63) . Little is known about what causes variation in methylation levels and how this variation relates to future pathogenesis. Genetic factors may play key roles in maintaining a normal methylation pattern, but environmental factors also play an important role. Polymorphisms in MTHFR, DNMT3b, and MTR genes, involved in methyl metabolism or DNA methylation, are some of the obvious genetic candidates for variation in methylation in both normal and tumor tissues (64) .
Epigenetic biomarkers
Methylated DNA sequences represent potential biomarkers for diagnosis, staging, prediction of prognosis and monitoring of response to therapy. Epigenetic markers can be evaluated in resected tumors or in body fluids (65) . For example, the frequency of occurrence of hypermethylated CDH13, MYOD1, MGMT, p16 INK4a and RASSF1A genes varies significantly among cancer types. These changes can be detected in plasma DNA and urine. Recently, combined hypermethylation assays for small number of genes such as RASSF1A, RARβ2, APC and GSTP1 have been used to discriminate between benign and cancerous changes in the prostate (66, 67) . Furthermore, repetitive DNA elements such as SINEs and LINEs and other repetitive sequences are often hypomethylated. Their presence has been used to characterize some human cancers, but their clinical utility remains questionable (68) .
Histone modification patterns also provide prognostic and diagnostic information in cancer. Repressive chromatin structures characterized by particular histone modifications such as H3K9, H3K27 and H4K20 methylation may precipitate DNA methylation. Generalized changes in chromatin structure and histone modification, such as increased H3K4 dimethylation and H3K18 acetylation activation, are associated with poor prognosis (69) . Whether the extent of these changes correlates with alteration in gene activity is a major limitation.
More recently, miRNA has been proposed as potential epigenetic biomarkers in the diagnosis of cancer. Some of the miRNA such as miR-199a, miR-200a, miR-146, miR-214, miR-221 and miR-222 have been found to be upregulated, whereas miR-100 is downregulated in human cancers (44) . The miRNA let-71 has been recently designated as a tumor-suppressor and miR-429, miR-200a and miR-200b were found to be clustered on a single primary transcript regulated by the epithelial-to-mesenchymal transition (70) . Studies have shown that two other miRNAs, miR-21 and miR-181a can be used to identify the presence or absence of a malignant phenotype. A group of 27 miRNA has been shown to be significantly associated with chemotherapy response and proposed as possible prognostic and diagnostic biomarker (71, 72) .
Conclusions
The epigenetic modification patterns associated with the development and progression of cancer are potentially clinically useful. The development of DNA methylation markers may prove useful for early cancer detection, establishing a diagnosis of cancer, or predicting the prognosis in cancer cases. Recent advances in epigenomic approaches allow mapping of the methylation/acetylation state and miRNA levels in the genome with high accuracy, which may help in the identification of biomarkers for various diseases. Understanding the molecular events that initiate and maintain epigenetic gene silencing could lead to the development of clinical strategies for the prevention and therapy of cancer.
